tRNAs in eukaryotic nuclei and organelles are synthesized as precursors lacking the 3'-terminal CCA sequence and possessing 5' (leader) and 3' (trailer) extensions. Nucleolytic cleavage of the 3' trailer and addition of CCA are therefore required for formation of functional tRNA 3' termini. Many chloroplast tRNA genes encode a C at position 74 which is not removed during processing but which can be incorporated as the first base of the CCAOH terminus. Sequences downstream of nucleotide 74, however, are always removed.
Precursor tRNA transcripts contain extensions at their 5' and 3' termini whose removal is an essential step in formation of functional mature tRNA molecules (11, 18, 27) , since it is to the tRNA's 3'-terminal adenosine residue that amino acids are esterified during protein biosynthesis. Maturation of tRNA precursors requires at least two nucleolytic events: cleavage of the 5' leader segment by the endonuclease RNase P (11, 26, 35, 44) and removal of the 3' trailer sequences by endo-or exonucleases (4, 8, 12, 14, 15, 19, 23, 28, 39, 41, 47) . In addition, precursor tRNAs in eukaryotic nuclei and organelles do not contain the sequence -C-C-Acorresponding to the 3' terminus of mature tRNA (reviewed in references 10 and 11) . This sequence occupies positions 74 to 76 from the first base of the mature tRNA in the standardized numbering scheme (38) . These crucial residues are added posttranscriptionally by the enzyme CTP(ATP):tRNA nucleotidyltransferase (reviewed in references 9 and 10). A generalized tRNA 3' maturation system could thus comprise up to three different activities: a 3' endonuclease, a 3' exonuclease, and nucleotidyltransferase. The participation of auxiliary factors is not precluded.
Despite the importance of 3' processing in tRNA biosynthesis, little is known about this reaction in eukaryotes, and the mechanisms of substrate recognition remain ill defined. One key question of biological importance is whether (and how) the cell can differentiate between a tRNA which is 3' mature (lacking a 3' extension and containing CCA in positions 74 to 76) and one which must be processed (containing a 3' extension and/or other sequences at bases 74 to 76). First, must the 3' extension exceed a certain length before the pre-tRNA is recognized as a substrate? Second, is the 3' maturation system conservative? That is, if the distribution of nucleotides at the 3' ends of tRNA genes is random, some genes will be followed by part or all of a -C-C-A-stretch; does the maturation system then remove only those nucleotides which are not part of a CCA sequence and fill in the rest?
Eukaryotic tRNA 3'-end formation. In most well-characterized eukaryotic tRNA processing systems, the 3' cleavage enzyme is an endonuclease; this has been conclusively demonstrated in extracts of human (1, 46) , Xenopus laevis (6, 16, 23) , and Drosophila (14) cells, mitochondria from rat liver (28) and yeast (7) cells, and spinach chloroplasts (44) . Only in yeast nuclei are some tRNA trailers known to be removed by the action of a 3'-5' exonuclease (12, 33) . The tRNA 3' endonucleases from human, X. laevis, and Drosophila cells and from yeast and rat liver mitochondria are specific for 5'-mature forms of those pre-tRNAs which were tested (6, 7, 14, 28, 46) . In general, however, it is likely that a requirement for 5'-mature substrates is not absolute and that the order of 5' and 3' cleavages may be different for different pre-tRNAs (30, 36 ; discussed in reference 7).
Nuclear and organellar pathways are distinctly different from those in eubacteria. The best-characterized bacterial tRNA 3' maturation pathway is that of Escherichia coli exonuclease RNase D exposes the mature CCA terminus (8, 
47).
Neither in chloroplasts (see below) nor in mitochondria is there yet evidence for a comparable processing pathway, nor is there evidence for enzymes with comparable specificities. During processing of yeast mitochondrial pre-tRNA in a homologous extract, an endonuclease makes a single cleavage precisely between nucleotides 73 and 74. The products are a 5'-phosphorylated trailer RNA and a 3'-hydroxylterminated tRNA to which CCA residues can subsequently be added (7) . In rat liver mitochondria, tRNA 3' processing is also accomplished by an endonuclease (28) . When the substrate was a bacterial pre-tRNATYr containing a complete -C74C75A76-block, the majority of processed tRNAs terminated equally after A76 or C74 and a minority terminated after A73 (28) . These termini could have been produced by a processing pathway similar to that in E. coli and consisting of endonuclease cleavage after A76 followed by exonuclease trimming. On the other hand, the results could be interpreted (28) as evidence that the rat liver mitochondrial endonuclease normally cleaves after A73 or C74, but that it recognizes the presence of a complete CCA sequence and attempts to cleave after A76. Interestingly, a minor tRNA endonuclease activity in yeast mitochondrial extracts can be separated from the major activity. This minor activity cleaves between nucleotides 76 and 77, which is one of the sites cleaved by the rat liver mitochondrial activity.
Chloroplast tRNA 3' maturation. tRNA 3' processing in cellular organelles is noteworthy because the endonucleolytic nature of the activities and the reaction pathways involved resemble those of nuclear systems more closely than those of the eubacterial progenitors of the mitochondrion and chloroplast. tRNA processing pathways have been characterized in chloroplasts of several plants (19, 22, 30, 44, 45) and of Euglena gracilis (20) . Leader sequences are removed by an RNase P-like endonuclease which has been partially characterized (44 Precursor tRNA substrates, uniformly labeled to a low specific activity, were prepared by in vitro transcription. Typically, 100-,ul reaction mixtures contained 40 mM TrisHCl (pH 8.0), 15 mM MgCl2, 50 mM KCl, 5 mM dithiothreitol (DTT), either 0.1 mg of acetylated bovine serum albumin per ml or 2 mM spermidine (pH 8.0), 1 mM each rNTP (from neutralized aqueous stocks), 20 to 50 ,uCi of each [a-32P]-rNTP, -100 ,ug of linear DNA per ml, and either 1,000 to 1,200 U of T7 RNA polymerase per ml or 500 to 1,000 U of SP6 RNA polymerase per ml. Transcription was carried out at 40°C for 2 h. Transcripts were purified by denaturing gel electrophoresis and eluted by diffusion at 37°C (44) . RNA substrates were used without further treatment. In other experiments (not shown), we found that 5'-extended pretRNAs prepared by this method, when used as substrates for RNase P processing, were as active as transcripts which had further been heat denatured and reannealed. Comparison of 3' cleavage products from substrates containing a triphosphate 5' terminus (from T7 transcription) or containing a monophosphate 5' terminus (as a result of RNase P cleavage of 5'-extended SP6 transcripts) indicated that the presence of a 5' triphosphate did not influence the specificity of tRNA 3' processing.
Enzymes. (i) Chloroplast. Two spinach chloroplast enzyme preparations were used in these studies. The first preparation, called fraction II, is an (NH4)2SO4 fraction of chloroplast stromal protein. Some preparations of fraction II were provided by M. J. Wang of this laboratory. This was prepared essentially according to reference 44 (see also reference 21) except that buffer B was omitted after chloroplast lysis. This preparation contains both 5' (RNase P) and 3' cleavage activities when assayed on pNBPhe/BamHI transcripts. The second enzyme preparation, called fraction C, is a partially purified fraction also containing both 5' and 3' cleavage activities and was provided by M. J. Wang. Fraction C was purified from fraction II (7.7 ml, 192 mg) by binding to a 50-ml DE-52 cellulose (Whatman) column in buffer F (20 mM Tris-HCl, [pH 8 .0], 1 mM Na-EDTA, 15% glycerol) containing 50 mM KCl, 2 mM DTT, 0.1% Brij-35, and 1 x protease inhibitor mix (44) , washing thoroughly with the same buffer, and eluting with the same buffer plus 180 mM KCl. Fractions containing RNase P activity also exhibited 3' endonuclease activity as assayed on pNBPhe/BamHI transcripts. These fractions were pooled, adjusted to 50 mM KCI, and applied to a -20-mi column of Phospho-Spectrogel (Spectrum) equilibrated with buffer F plus 50 mM KCI, 1 mM DTT, and lx protease inhibitors. After washing with this buffer, protein was eluted with 180 mM KCI in buffer F.
Fractions with RNase P activity also contained 3' endonuclease activity; these were pooled and concentrated.
(ii) Wheat embryo. During purification of RNase P from wheat embryo (32a), tRNA 3' endonuclease activity copurifies up to and sometimes through the HA-Ultrogel (hydroxylapatite-agarose; Spectrum) step. The preparation used in these experiments had been purified as follows. Wheat germ (Sigma), purified by organic flotation as described previously (17) , was homogenized in extraction buffer (20 mM Tris-HCI [pH 8 .0], 50 mM KCI, 1 mM Na-EDTA, 1 mM DTT, 5% glycerol, 1 mM phenylmethylsulfonyl fluoride, 1x protease inhibitors). The 14,000 x g supernatant was fractionated with 40 to 60% saturation (at 0°C) ammonium sulfate. The resultant pellet was resuspended, dialyzed against buffer F plus 50 mM KCI and 1 mM DTT, and applied to a column of DE-52 cellulose equilibrated in the same buffer. The RNase P activity eluted with buffer F plus 200 mM KCI was dialyzed and applied to a column of DEAE-Sephacel (Pharmacia) equilibrated in buffer F plus 50 mM KCI. RNase P eluted between 120 and 150 mM KCI. The pooled activity was dialyzed into buffer P (25 mM potassium phosphate [pH 7], 0.1 mM Na-EDTA, 1 mM DTT, 15% glycerol) and applied to a column of HA-Ultrogel in the same buffer. mM Tris-HCI (pH 8.0)-15% glycerol. Mixtures were incubated for 30 min at 37°C and then subjected to proteinase K treatment and gel electrophoresis described as above. Nucleotide analysis. Two-dimensional fingerprinting of RNase T1-generated oligonucleotides using homomix C10 and analysis of the subsequent RNase A redigestion products was performed as described in reference 44 and references therein. Oligonucleotide sequences and yields were matched with the DNA sequence of pUC19-YFOA74, using the programs FINGERS and OLIGOS (44) . RNase T2 digestions were carried out with 2.5 U of enzyme in 20 mM ammonium acetate for 4 h at 37°C. Products were separated on prewashed polyethyleneimine thin-layer plates developed (32, 40) . The rice chloroplast genomic sequence (25) (43) , that is, the first base of the CCA. Cytidine is also found in this position of tobacco chloroplast trnF-GAA (40) . (The nomenclature of chloroplast tRNA genes is as described elsewhere [24] , specifying the amino acid by the one-letter code and the isoacceptor by the anticodon.) To determine whether more tRNA genes encoded a portion of the CCA domain, we examined the 3' flanking sequences of all tRNA genes in the chloroplast genomes of tobacco, rice, and liverwort and of all other indexed plant chloroplast tRNA genes in the GenBank data base (see Materials and Methods). We found 30 gene sequences, representing 10 different tRNA species, which in at least one organism encoded part or all of the 3' C-C-A terminus. The distribution of these genes is summarized in Table 1 . Overall, 30 of 169 genes examined (17.8%) were followed by at least one base of a C-C-A run. Of these, 21 genes (12.4%) included C74 only, 8 genes (4.7%) included C74 and C75 only, and 1 gene (0.6%) possessed a complete 3' CCA flank. These overall frequencies are comparable to those expected if the distribution of nucleotides at each position is random. Interestingly, however, the distribution of C74 and C75 to specific chloroplast tRNA genes is decidedly nonrandom (Table 1 ). It appears that the sequences at these positions, like those of the tRNA genes themselves, were evolutionarily fixed prior to the divergence internal to the land plants.
In contrast to chloroplast genes, plant nuclear tRNA genes are less likely to encode C74. Most plant nuclear tRNA genes are followed by a thymidylate-rich run corresponding to the oligouridylate RNA polymerase III termination signal. Of Fig. 1A through D. The mature portion of maize chloroplast pre-tRNAPhe closely resembles spinach chloroplast tRNAPhe (5) . Figure 1E shows the sequence of the YFOA74 transcript, tRNA-ACA-trailer. The positions of oligonucleotides resulting from RNase T1 digestion are indicated under the sequence. The differences among these tRNAPhe sequences are noted in Fig. 1F pre-tRNAPhe (pre-tRNA-CAG-trailer), 3'-extended yeast tRNAPhe (tRNA-CCA-trailer), and 3'-mature yeast tRNAPhe (tRNA-CCAoH). We processed these tRNAs with crude or with partially purified chloroplast enzyme preparations containing both RNase P and 3' endonuclease. To demonstrate that the results resulted solely from the action of the 3' endonuclease, we also performed reactions with partially purified RNase P (from wheat embryo, lacking detectable 3' nuclease activity; see Materials and Methods). As seen in Fig. 2A (lanes 1 and 2 versus lanes 3 and 4) , RNase P alone does not affect the 3'-extended or 3'-mature yeast tRNAs. When 3'-extended pre-tRNA-CCA-trailer was processed with a partially purified 3'-nuclease-containing fraction from chloroplasts ( Fig. 2A, lane 5) , the fully processed product was a species which migrated faster than the 76-nt-long tRNA-CCAoH. Subsequent analysis, described below, demonstrated that this product is a 74-nt-long tRNA-CoH which results from cleavage of the precursor between nucleotides C74 and C75. When 3'-mature tRNA was treated with the same enzyme fraction (Fig. 2A, lane 6 ), we were surprised to find that its size was unaltered. This result indicates that mature tRNA is not a substrate for 3' maturation.
The 3' cleavage activity previously detected in chloroplast extracts was already known to be an endonuclease which cleaved 5' of the phosphate following nucleotide C74 (44). We did not know, however, whether the same position would be cleaved in a heterologous substrate. We therefore directly compared 3' cleavage of yeast tRNAPhe with that previously characterized for maize chloroplast pre-tRNAPhe. As shown in Fig. 2A, lane 7 , processing of 5'-, 3'-extended chloroplast pre-tRNAPhe with the partially purified fraction C enzyme gave rise to the expected molecules: first, the two products of RNase P cleavage (released 5' leader and 5'-mature, 3'-extended pre-tRNA intermediate), and second, the product of subsequent 3' cleavage (tRNA-CoH). The 5'-, 3'-mature chloroplast tRNAPhe comigrates with the processed yeast tRNAPhe. Yeast nuclear and plant chloroplast tRNAPh' are thus cleaved at the same position. Further evidence for localization of the cleavage site will be presented below.
Our previous fingerprint analysis of tRNA 3' cleavage products (44) was carried out on RNAs processed with the initial ammonium sulfate fraction, fraction II. Figure 2B demonstrates that both this fraction and the more purified fraction C chloroplast enzymes tested in Fig. 2A give identical results. Comparison of lanes 4 and 8 with lane 10 in Fig.  2B shows that both enzyme preparations fail to cleave 3'-mature tRNA-CCAoH. They do process 3'-extended yeast tRNA (lanes 3 and 7) or chloroplast pre-tRNA (lanes 5 and 6) to the same-size product, tRNA-CoH. Identification of this product is described below.
We also tested 5'-, 3'-extended pre-tRNAPhe transcribed from plasmid p67YF0 with SP6 RNA polymerase. Terminal cleavage of these substrates (Fig. 5 and data not shown) was identical to that of 5'-mature tRNAs.
Final maturation by sequential addition of CMP and AMP. We located the exact 3' end of processed tRNA and demonstrated that it was functional by assaying its ability to accept CMP and AMP, thus forming a complete CCA terminus. Fingerprint analysis of 3'-processed chloroplast or yeast tRNAPhe does not always retain the RNase T1-generated 3'-terminal oligonucleotide CACOH. However, if any portion of the terminal ACCA7376 sequence is present in the product tRNA, it can be regenerated by CTP(ATP):tRNA nucleotidyltransferase (reviewed in references 9 and 10). The specificity of tRNA nucleotidyltransferase is such that addition stops after completion of a C-C-A sequence (10) . The number of bases added by nucleotidyltransferase is thus an accurate measure of the extent of the 3'-terminal A-C-C-A domain prior to addition. Furthermore, transfer RNA species lacking 3'-ACCA are very poor substrates for tRNA nucleotidyltransferase (9) . As described below, we found that the processed tRNA could be elongated by just two nucleotides when reincubated with CTP and ATP. Hence only the last two bases (C and A) of the mature tRNA were missing. Our source of nucleotidyltransferase was the activity endogenous in the chloroplast lysate (19) . Control experiments were performed to verify that we were assaying specific CCA addition and not a nonspecific terminal transferase activity.
We isolated processed putative tRNA-CoH, incubated it with CTP and/or ATP in the presence of fraction II chloroplast enzymes, and assayed nucleotide addition by electrophoresis on a denaturing polyacrylamide sequencing gel. The results are shown in Fig. 4A for chloroplast tRNAPh, and in Fig. 4B for yeast tRNAPbC. In Fig. 4A , two different preparations of fraction II were used for the assays of lanes 2 to 5 and lanes 6 and 7, respectively. The size of the substrate was unaltered during incubation in the absence of nucleotides. For example, a comparison of lanes 1 and 2 of previously characterized side reaction of tRNA nucleotidyltransferases which can occur in the absence of CTP [9] ). The lower efficiency of AMP addition is consistent with the observation that measured Km's of most tRNA nucleotidyltransferases for ATP are much higher than their Km's for CTP (9 Evidence that chloroplast endonuclease cleaves tRNA-ACA after A74. Trailer RNA was digested with 7.5 U of RNase T1 in the presence of 20 ,ug of carrier RNA. The first-dimension separation was by electrophoresis on cellulose acetate at pH 3.5; the second dimension was thin-layer chromatography on polyethyleneimine-cellulose developed with an aged preparation of homomix C10. AF and XC mark the positions in the first dimension and, for XC, the second dimension of the tracking dyes acid fuchsin and xylene cyanol. The thin-layer chromatography plate was visualized by autoradiography. The identity of each oligonucleotide is given in Fig. 1E . Oligonucleotide t8 contains the 5' terminus. Oligonucleotide t9p has the sequence CCAGp rather than CCAGOH, suggesting that the trailer RNA terminated with ... CCAGpNOH (37) . tRNA 3'-terminal maturation by a wheat embryo activity. Previously described nuclear 3'-processing activities from several organisms except the yeast S. cerevisiae all cleaved their substrates between bases 73 and 74 of the mature tRNA domain. In contrast, the S. cerevisiae 3'-processing enzyme is an exonuclease (12, 33) . We were curious to learn whether plant nuclear tRNA 3'-processing activity was exo-or endonucleolytic and, if it was endonucleolytic, whether it would cleave at the same site as the other nuclear activities or at the site chosen by the chloroplast enzyme. We also considered the possibility that isoforms of the same endonuclease could be present both in the nucleus/cytoplasm and in the chloroplast. To test this idea, we assayed 3'-extended yeast pretRNAPhe transcripts with a partially purified preparation of 5' and 3' maturation activities from wheat embryo. Because initial trials indicated that 5'-mature, 3'-extended pre-tRNAs were not processed by this enzyme preparation (data not shown), we used for these experiments precursors which were 5' and 3' extended. Figure 5 shows a comparison of these substrates processed in parallel with either spinach chloroplast or wheat embryo fractions. The 5'-extended, 3'-mature substrate pY (pre-tRNA-CCAOH) was processed at its 5' side by RNase P from wheat embryo (lane 5) or chloroplast (lane 4) to a species coelectrophoresing with mature tRNA-CCAOH (lane 6) . No trimming at the 3' side was detected. In contrast, precursor pY3B (pre-tRNA-CCA-trailer) with an 8-nt-long 3' extension was processed to a species 73 to 74 nt long by the combined action of RNase P plus 3' nuclease in wheat or chloroplast fractions (lanes 7 and 8) . The same product was generated with wheat or chloroplast activities from the shown in Fig. 1 were used. The substrates all had the same 38-nt-long 5' extension. Substrate pY (lanes 1, 4, and 5) is 3' mature; pY3B (lanes 2, 7, and 8) has an 8-nt 3' extension including the CCA, and substrate pY3H (lanes 10, 11, and 14) has a 35-nt 3' extension including the CCA. Processing reactions were performed with enzymes from chloroplast (fraction C) (C; lanes 4, 7, and 10) and from wheat embryo (HA-Ultrogel pool) (W; lanes 5, 8, and 11). As markers for the 5'-mature, 3'-extended processing intermediates generated by RNase P cleavage, we used 5'-mature in vitro transcripts corresponding to each 5'-, 3'-extended pre-tRNA substrate. to wheat tRNA Gly (followed by CCA) are all processed by cleavage between the first and second C. In contrast, the 3'-processing activity from wheat embryo, presumably nuclear or cytoplasmic in origin, can cleave its substrate after nucleotide 73 and remove an entire CCA sequence. If the mature CCA terminus is not recognized per se, how are these 3'-terminal maturation systems precluded from counterproductively processing an already mature tRNA and removing part of its CCA sequence? The answer appears to be that plant 3'-processing nucleases are specific for substrates possessing a 3'-terminal extension extending past nucleotide 76. We found that mature tRNAPhe-CCAoH was not a substrate for 3' cleavage; only pre-tRNAPhc with an additional 3' extension could be processed to mature tRNA.
Nucleolytic activities. The only characterized tRNA 3'-processing activity in chloroplasts is currently the endonuclease which cleaves chloroplast or yeast tRNAPhC after nucleotide 74 (this work; 44). We cannot exclude that other tRNAs may be processed by different activities. Maturation of tRNAs lacking C74 must include the participation of a 3'-5' exonuclease(s). We also cannot rule out the possibility that the wheat embryo activity is that of an exonuclease, although the lack of detectable reaction intermediates is more consistent with endonuclease cleavage. Further purification of the relevant enzymes will permit more definitive analysis of this point. Multiple tRNA 3' endonuclease activities have been reported in other organellar systems. Chen and Martin (7) separated from yeast mitochondria a major activity cleaving between nucleotides 73 and 74 from a minor activity cleaving between positions 76 and 77. With partially purified rat liver mitochondrial enzyme, a CCA-containing E. coli pre-tRNA was cleaved both after positions 74 and 76, although a combination of endo-plus exonuclease action was not ruled out (28) .
The site of 3' cleavage by the chloroplast fraction does not appear to be artifactually influenced by the presence of a triphosphate rather than a monophosphate terminus on the pre-tRNA substrate. 5'-mature substrates (Y3B and Y3H) bear 5' triphosphate termini and are cleaved at base 74. 5'-extended precursors (pY3B, pY3H, and pC3) are first processed by RNase P to yield 5' monophosphate termini. 
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These are cleaved to the same-size products as those from 5'-triphosphate-terminated tRNA (Fig. 2, 4, and 5) .
It is instructive to compare the cleavage specificity of a plant chloroplast tRNA 3' endonuclease with that of the comparable activity in bacteria on the one hand and in plant or animal nuclei/cytoplasm on the other. The best-documented pre-tRNA 3'-processing pathway in bacteria (4, 8, 39) involves initial endonuclease cleavage distal to the tRNA followed by 3'-5' exonuclease trimming back to the mature CCA terminus. By contrast, in many eukaryotes, a nuclear 3' endonuclease was shown to cleave pre-tRNAs immediately following nucleotide 73 (6, 14, 23, 41) . We demonstrate that a wheat embryo activity also cleaves yeast pre-tRNAPhe between C73 and C74, generating a 73-nt-long product, tRNAOH. A spinach chloroplast enzyme, however, cuts the same pre-tRNA precisely between nucleotides 74 and 75, leaving a 74-nt-long tRNA-CoH. In plants, at least, it appears that although the nuclear and organellar tRNA 3'-processing enzymes process pre-tRNA at slightly different sites, the two tRNA 3' cleavage mechanisms resemble each other more than either does the best-described bacterial pathway.
Maturation pathways. (i) Chloroplast. tRNA 3'-terminal maturation in spinach chloroplasts follows the general pathway of other nuclear and organellar systems. Both in animal nuclei and in animal and fungal mitochondria, 3' cleavage generally follows 5' processing. Where examined, 3' endonucleases have always exhibited a clear preference for 5'-mature substrates. We previously found that 5'-mature, 3'-extended chloroplast tRNAPh, was an effective substrate for further 3' maturation (44) . Alternate processing pathways have also been observed (30, 36) , and it was proposed that the order of 5' and 3' processing in vivo may be governed by kinetic rather than by mechanistic considerations (7) .
(ui) Nucleus/cytoplasm. The order of 5' and 3' cleavage in the wheat embryo system is currently unresolved. Our current data are consistent with a model in which 5'-and 3 '-processing events are cooperative. The evidence is that (i) 5'-mature, 3'-extended in vitro transcripts (Y3B or Y3H) are processed poorly or not at all at their 3' ends by a preparation containing wheat embryo RNase P and low levels of 3' nuclease activity (data not shown; 32a), whereas (ii) 5'-and 3'-extended substrates (pY3B or pY3H) can be processed at both termini by the same enzyme fraction (Fig. 5) . Further progress will require purified 3' nuclease preparations.
CCA addition. These experiments used endogenous chloroplast CTP(ATP):tRNA nucleotidyltransferase activity to complete the maturation of tRNA precursors. By separating cleavage from nucleotide addition, we demonstrated the stepwise nature of CMP and AMP addition to processed tRNA termini. This is the first direct demonstration that chloroplast nucleotidyltransferase activity participates in tRNA maturation. In previous studies of chloroplast tRNA processing (19, 20, 22, 30) , the presence of a CCA sequence had been inferred from electrophoretic mobility of maturesize tRNAs (30) or from the position of tRNA 3'-terminal oligonucleotides in RNA fingerprint patterns (19) .
Conclusion. This communication reports specifics of a tRNA 3' maturation system from spinach chloroplasts which in cleavage specificity resembles, but is not identical to, that from several other nuclear and organellar sources. In addition, we have partially characterized a distinct 3' nuclease activity from wheat embryo which can participate in maturation of nuclear tRNAs. The chloroplast endonuclease cuts at a novel position 1 nt past the 3' end of the mature tRNA domain. In contrast to the chloroplast enzyme, the wheat embryo activity cleaves at the same position reported for nuclear tRNA 3' endonucleases in other organisms. Both enzymes are active only on substrates with a 3' extension of greater than 3 nt. The chloroplast system includes at least a site-specific endonuclease (this work; 44; see also references 30 and 45) and a tRNA nucleotidyltransferase activity. These activities, together with a 3'-5' exonuclease, are sufficient to process all chloroplast pre-tRNAs, including the majority which lack cytidylate at nucleotide 74. Since chloroplast tRNA 5' maturation activity has already been analyzed (44) , an initial characterization is now available for all the RNA processing activities minimally required for production of a functional chloroplast tRNA. Further analysis will require more exhaustive purification and reconstitution of in vitro maturation systems for plant nuclear and chloroplast tRNAs. At that time, we will be better able to evaluate the generality of eukaryotic tRNA processing mechanisms.
